Background The goal of this study was to assess the value of a urinary biomarker profile comprised of neutrophil gelatinase-associated lipocalin (NGAL), fibroblast growth factor-2 (FGF-2), and epidermal growth factor (EGF), to detect acute kidney injury (AKI) in critically ill neonates. Methods We conducted a prospective cohort pilot study of atrisk neonates treated in a level IIIC neonatal intensive care unit (NICU) with therapeutic hypothermia (HT) (n=25) or extracorporeal membrane oxygenation (ECMO) (n=10). Urine was collected at baseline, 48 h of illness, and>24 h postrecovery of their corresponding treatments. Control samples were collected from 27 healthy newborns. The data were expressed as urinary concentrations and values normalized for urinary creatinine. AKI was defined as the presence of oliguria >24 h and/or elevated serum creatinine (SCr), or the failure to improve the estimated creatinine clearance (eCCL) by >50 % post-recovery. Non-parametric statistical tests and ROC analyses were used to interpret the data. Results Fifteen at-risk newborns had AKI. In the first 48 h of illness, the urinary levels of NGAL and FGF-2 had high sensitivity but poor specificity to identify neonates with AKI. At recovery, low urinary EGF levels identified neonates with AKI with a sensitivity of 74 % and specificity of 84 %. Overall, in the early stages of a critical illness, the urinary levels of NGAL and FGF-2 were sensitive, but not specific, to identify neonates at risk of AKI. Low EGF levels post-recovery identified critically ill neonates with AKI. Conclusions These findings require validation in larger prospective studies.
Introduction
Critically ill neonates frequently suffer significant hypoxic and/or ischemic events resulting in multisystem injury, and are at especially high risk for developing acute kidney injury (AKI) [1] [2] [3] . Two such patient groups include infants with hypoxic-ischemic encephalopathy (HIE) requiring therapeutic hypothermia (HT) and infants with neonatal hypoxemic respiratory failure requiring treatment with extracorporeal membrane oxygenation (ECMO) [4, 5] . In these patients, AKI is a major cause of mortality and long-term morbidity [1, [5] [6] [7] [8] .
The diagnosis of neonatal AKI can be problematic as standard clinical criteria used in pediatric and adult patients, such as serum creatinine and urine output, are unreliable in the newborn period [9] . Serum creatinine concentrations are reflective of maternal levels in the first few days of life [10, 11] and subsequent elevations in serum creatinine are seen late in the setting of renal injury. Oliguria (i.e., urine output less than 1 ml/kg/h), is an insensitive marker of renal function in the newborn, as AKI can be seen in the absence of oliguria [3] . These limitations highlight the need for noncreatinine/oliguria-based AKI diagnostic criteria. Novel biomarkers that can detect AKI within hours of an insult may serve to answer this diagnostic dilemma. Urinary biomarkers are of particular interest as they can be measured from an easily accessible biological fluid that is directly derived from the organ of interest.
Among candidate biomarkers, neutrophil gelatinaseassociated lipocalin (NGAL) is considered one of the most sensitive biomarkers of AKI [12] [13] [14] . Previous studies have shown that the synthesis of NGAL is up-regulated within hours of ischemia-reperfusion injury [14] . Moreover, NGAL accumulates in the proximal tubule of human kidneys after ischemic and acute tubular necrosis [15] . However, NGAL is also produced by normal distal tubular cells and extra-renal tissues, and is highly induced in inflammatory conditions [16, 17] . Thus, the presence of systemic infections and other co-morbidities that induce the non-renal release of NGAL may affect the ability of urinary NGAL to predict AKI.
For these reasons, we undertook this study to determine whether NGAL, in combination with FGF-2 and epidermal growth factor (EGF), will improve our ability to identify AKI in newborns treated with HT or ECMO. We selected both growth factors because they are involved in the pathogenesis of AKI and the regeneration of renal tubules [18] [19] [20] [21] [22] [23] . In fact, FGF-2 is released by injured endothelial cells, and renal endothelial injury plays a key role in the pathogenesis of AKI [24] . Moreover, the urinary levels of EGF are decreased in children and adults with acute or chronic renal tubular injury [21, 22, [25] [26] [27] [28] . Therefore, we tested the hypothesis that a urinary biomarker profile comprised of elevated urinary levels of NGAL and FGF-2, in combination with decreased urinary EGF levels, will improve our ability to identify AKI in critically ill neonates treated with HT or ECMO.
Materials and methods

Study population
This study was a prospective observational cohort study of neonates at risk for AKI admitted to Children's National Medical Center's level IIIC neonatal intensive care unit between 2010 and 2011. Inclusion criteria were all infants who were greater than 36 weeks gestation meeting institutional criteria for either (1) therapeutic HT or (2) ECMO life support. Infants in the HT group were identified and treated according to the National Institutes of Health and Human Development Neonatal Research Network protocol [29] . Criteria for ECMO during the study period included persistent hypoxia (preductal SaO2<85 %) despite maximal ventilatory and medical therapy or intractable cardiovascular instability. Infants were excluded from either group if they had major congenital anomalies or suspected chromosomal abnormalities. Urine samples were also collected from 27 healthy full-term newborns recruited from the George Washington University Medical Center. This study was approved by the Institutional Review Board of Children's National Medical Center and a Waiver of Documentation of Informed Consent and Health Insurance Portability and Accountability Act Authorization was obtained to allow for anonymized data collection, after parental verbal agreement was given to collect the samples.
Data and specimen collection
Serum creatinine values were obtained in all patients before the initiation of therapy. Urine was collected in study subjects within 24 h after the initiation of therapy (baseline), at 48 h after initiation of therapy, and >24 h post-recovery (e.g., post-decannulation for ECMO infants and post-re-warming for hypothermia infants). Control samples were collected from healthy term newborns between 24 and 48 h of life. Urine was collected either from indwelling urinary catheters (when in place) or otherwise extracted from absorbent diapers. Urine samples were centrifuged and the supernatant was stored at −70°C.
All corresponding clinical information, including the birth weight, gender, gestational age, Apgar scores, and race, were collected. Renal function data were collected for time points corresponding to urine collections including urine output (UOP), blood urea nitrogen (BUN), and serum creatinine (Scr). Urine output was measured according to strict intake and output monitoring protocol per NICU standard of care (i.e., either by quantification of output from an indwelling catheter or by calculation of corrected diaper weight every 3 h). Estimated creatinine clearance (eCCl) was calculated using the following formula: CrCl=(k*Ht)/Cr-serum [30] . AKI was defined as (1) UOP<1 ml/kg/h. with SCr >1 mg/dl for 24 h; (2) SCr of >1.5 mg/dl [10] ; or (3) failure to improve eCCL by >50 %, since improvement of eCCL was expected with increasing postnatal age and after adequate resuscitation and therapy. These definitions of AKI were selected because we anticipated admitting critically ill newborns of normal gestational age, and to start their respective treatments during the first 72 h of life, when their SCr levels reflect the maternal levels. Other definitions of neonatal AKI do not take into consideration the clinical situation of these patients, who may not show an increase in SCr or decrease urine output, but are unable to decrease the SCr levels<1 mg/dl, or improve their eCCl>50 % by the end of the first week of life. The failure to improve the GFR by>50 % cut-off point was selected because the pRIFLE injury criteria require a 50 % reduction in the eCCl, and this AKI stage appears to be correlated with the clinical outcome of critically ill infants. This definition was not used in patients with normal baseline SCr levels after the fourth day of life, and a minimum SCr of >0.5 mg/dl was required to diagnose AKI.
Biomarker assessment The urinary levels of NGAL, FGF-2, and EGF, were measured using enzyme-linkedimmunoabsorbent (ELISA) assay kits that are commercially available. NGAL was measured using the NGAL Rapid ELISA Kit from BioPorto R (Gentofte, Denmark), as described by the manufacturer's instructions. Inter-and intra-assay coefficient of variation for this assay is 3-12 %. The urinary levels of FGF-2 and EGF were measured using ELISA Quantikine Kits from R&D Systems (Minneapolis, MN, USA). The interand intra-assay coefficient of variation for the FGF-2 and EGF assays are 3-9 and 2-8 %, respectively, and our measurements were within these ranges, < 5 % and< 10 %, respectively, for both assays. Urinary creatinine levels were determined using the Creatinine Parameter assay kit from R&D Systems. The final results were expressed both in absolute values as a ratio of the urinary creatinine concentration, and as a concentration per milliliter of urine.
Statistical analysis
Demographic and clinical data are reported as medians (ranges) and absolute numbers for continuous and categorical variables, respectively. Biomarker values are depicted as medians with interquartile ranges (IQR). Differences between cases and controls were analyzed using Mann-Whitney U and Chi-square tests where appropriate. Receiver-operating curves were done to determine the biomarker cut-off values for optimal sensitivity and specificity. These cut-off values were then evaluated for their ability to predict renal injury in the at-risk group. Contingency tables were generated using GraphPad Prism 4 software. In addition, to determine how the selected biomarkers performed together, multiple logistic regression analysis and combined ROC curves were done using the MedCalc software, as previously described [8] . Other statistical tests were done using SPSS 18.0 software (SPSS Inc., Chicago, IL, USA).
Results
Patients
A total of 35 subjects (HT n=25 and ECMO n=10) and 27 healthy control newborns were enrolled in this study. Their demographic and clinical characteristics are summarized in Table 1 . The ECMO group was predominantly male, but otherwise there were no significant differences between groups with regard to baseline characteristics. Clinical data reflecting the renal status of the study subjects are presented in Table 2 . Both groups were frequently exposed to nephrotoxic medications (i.e., vancomycin, gentamicin, and furosemide). Hypotension was also common, occurring in nearly half of the patients treated with HT and all patients treated with ECMO. As shown in Table 3 , 15 patients (43 %) developed AKI.
Biomarker levels in healthy controls and newborns treated with HT or ECMO Compared to controls, both ECMO and HT groups had significantly higher urinary NGAL/UCr values at baseline and 48 h (Fig. 1a) . HT infants additionally had higher urinary NGAL/UCr values after recovery (Fig. 1a) . The urinary levels of FGF-2/UCr were significantly higher in the HT group, compared to controls, both at baseline and 48 h (Fig. 1b) . Similar findings were observed when the levels of NGAL and FGF-2 were expressed as their urinary concentration per milliliter ( Table 3 ). The urinary EGF/UCr levels in the HT group were significantly higher than controls at recovery (Fig. 1c) . However, these findings were not reproduced when the urinary levels of EGF were expressed as pg/ml of urine. In fact, when the HT and ECMO groups were compared to the control group, the urinary levels of EGF expressed in pg/milliliters were decreased across all time points (Table 3) . Receiving operating characteristics (ROC) curves were generated to define cut-off values that differentiated at-risk newborns (using baseline levels) from controls. These curves were significant for NGAL and FGF-2 (Fig. 2) . Cut-off values for the urinary levels of NGAL (> 168 ng/ml) and FGF-2 (> 4 pg/ml) were selected from the coordinates of the ROC curves, to determine their sensitivity, specificity, positive and negative predictive values, as shown in Fig. 2 . Combining the baseline urinary levels of FGF and NGAL improved their overall specificity to identify at-risk newborns compared to each biomarker alone (Fig. 2) . ROC curves generated using NGAL and FGF-2 values expressed as a ratio of the urinary creatinine also confirmed these findings. A contingency table analysis using cut-off values for NGAL (>1,005 ng/mg UCr) and FGF-2 (>56,20 pg/mg UCr) (Fig. 3) showed that NGAL alone had 86 % sensitivity, 88 % specificity, a positive predictive value of 0.81, and a negative predictive value of 0.92 (assuming a 40 % prevalence of AKI). FGF-2 alone had 80 % sensitivity, 81 % specificity, a positive predictive value of 0.70, and a negative predictive value 0.87. Finally, NGAL and FGF-2 combined, (both values required to be>the cut-off points) Fig. 1 Urinary levels of neutrophil gelatinase-associated lipocalin (NGAL) (a), fibroblast growth factor-2 (FGF-2 (b), and epidermal growth factor (EGF) (c), by group over time. Box-and-whisker plots show median, interquartile range, and values within ±1.5 of interquartile range. Dark gray bars represent the control group. Light gray bars and white bars represent hypothermia (HT) and extracorporeal membrane oxygenation (ECMO) groups, respectively. Outliers are represented by open circles. Asterisks symbolize significant Mann-Whitney U p-values for comparison to control (*p<0.05, **p<0.0001). Dashed line represents control group median for visual comparison showed 80 % sensitivity, 100 % specificity, a positive predictive value of 1.00, and a negative predictive value of 0.89 (Fig. 3) . In contrast, the baseline levels of EGF did not differ between at-risk subjects and control newborns, and the ROC curve was not significant (data not shown).
Biomarker levels in newborns treated with HT or ECMO with and without AKI AKI occurred in ten of 35 neonates (43 %) treated with HT or ECMO. Ninety-five percent of these patients (33/35) had their baseline SCr levels measured during the first or second days of life, before the initiation of therapy. The remaining two patients had their baseline SCr levels measured on the third and forth days of life before treatment. No significant differences in the baseline SCr levels were detected in patients who developed and did not develop AKI (0. 9±0.3 vs. 1.1±0.2 mg/dl, mean ± SD, for AKI vs. non-AKI patients, respectively, p>0.05). As expected, the SCr levels at this time point reflected the maternal SCr levels. In contrast, the SCr levels measured when the HT or ECMO treatments were discontinued, were significantly different (0.8±0.4 vs. 0.5±0.3 mg/dl mean ± SD, for AKI vs. non-AKI patients, respectively; p<0.01). As expected, the SCr levels at this time point reflected the renal status of both groups.
The urinary levels of NGAL and FGF-2, expressed both as a ratio of the urinary creatinine or as a concentration per milliliter of urine, were elevated, but were not significantly different between patients with and without AKI (Fig. 4a) .
Biomarker Profile
Cutoff value NGAL = ng /ml FGF-2 and EGF = pg/ml Fig. 2 Assessment of biomarker utility in predicting acute kidney injury (AKI) in newborns treated with hypothermia (HT) or extracorporeal membrane oxygenation (ECMO). Receiver operational characteristic (ROC) curves were generated for neutrophil gelatinase-associated lipocalin (NGAL), fibroblast growth factor-2 (FGF-2), and for both NGAL and FGF-2 combined. The predictive abilities of these biomarkers to detect AKI in these patients were determined using control urine samples collected from healthy newborns, and assuming a 40 % prevalence of AKI. The dashed reference line represents an ROC curve for a test with no discriminatory ability. The area under the curve (AUC) for each biomarker is displayed on the graph Moreover, the ROC curves were not significantly different, and showed poor sensitivity and specificity to identify AKI within the group of newborns treated with HT or ECMO (Fig. 4a) . In contrast, patients with AKI had significantly lower urinary EGF values at recovery, when compared to those without AKI, and these findings were consistent after expressing the EGF values as a ratio of the UCr or as a concentration per milliliter of urine ( Fig. 5a-b) . The ROC curve generated for EGF at recovery, to predict failure of eCCL improvement, was significant with an AUC of 0.77 (p=0.03). EGF at recovery (cut-off<45,000 pg/mg UCr) predicted AKI with 73 % sensitivity, 82 % specificity, a positive predictive value of 0.75, and a negative predictive value of 0.82 (assuming a 40 % prevalence of AKI). A similar ROC curve and AUC were obtained at recovery using EGF values expressed per milliliter of urine (Fig. 5c) . In this case, the urinary EGF cut-off values of<3,179 pg/ml, had 64 % sensitivity, 84 % specificity, a positive predictive Fig. 4 a Box-and-whisker plots show median and interquantile range log transformed values corresponding to the baseline urinary levels for neutrophil gelatinase-associated lipocalin (NGAL), fibroblast growth factor-2 (FGF-2), and epidermal growth factor (EGF), in critically ill newborns with and without acute kidney injury (AKI) (initiation of therapy). Results are expressed in log-transformed units corresponding to NGAL (ng/mg UCr) and FGF-2/EGF (pg/mg UCr). b Receiver operational characteristic (ROC) curves and the area under the curve (AUC) generated for NGAL, FGF-2, and EGE, using urinary values expressed in ng/ml for NGAL and pg/ml for FGF-2 and EGF at the initiation of therapy. The predictive abilities of these biomarkers to detect AKI in newborns treated with hypothermia (HT) or extracorporeal membrane oxygenation (ECMO) were assessed using control samples collected from newborns who did not develop AKI during the HT and ECMO treatments. The dashed reference line represents a ROC curve for a test with no discriminatory ability. The AUC for EGF is displayed on the graph value of 0.72, and a negative predictive value of 0.78, to identify critically ill children with AKI.
Discussion
The current study demonstrates that the urinary levels of NGAL and FGF-2 are elevated in critically ill neonates treated with HT or ECMO when compared to healthy newborns. While the urinary levels of NGAL and FGF-2 combined improved the specificity for the identification of AKI, when using control values derived from healthy newborns, in our study, within the group of critically ill newborns, NGAL/FGF-2 did not identify the patients with AKI. In contrast, the urinary EGF levels post-recovery of the acute illnesses were found to be sensitive to and specific to identify ongoing AKI within the group of critically ill newborns. To our knowledge, this is the first study done in critically ill newborns treated with HT or ECMO, demonstrating that the urinary EGF may identify neonates undergoing renal injury while recovering from these treatments. Of the candidate biomarkers investigated in the current study, NGAL has been studied extensively in neonates [12, [31] [32] [33] . Urinary NGAL has shown great promise to detect early AKI in neonates after cardiopulmonary bypass (CPB) [12] . In these patients, the urinary NGAL levels before CPB was started were within the normal range, and a cut-off value of 185 ng/ml identified newborns with AKI [12] . Interestingly, our optimal NGAL cut-off value (> 168 ng/ml) was also sensitive to identify neonates at risk for AKI from healthy controls. However, we did not confirm that NGAL is further elevated within the subgroup of critically ill neonates with AKI. This may be due to sample size limitations, given the wide variance in NGAL levels in the at-risk newborns, or some infants with subclinical renal injury that were not identified by our defined criteria for AKI. Alternatively, since we have used an exploratory definition of AKI, we cannot exclude the possibility that some patients with mild AKI might have been misclassified. Nevertheless, our findings are consistent with previous studies suggesting that NGAL may be a marker of systemic illness [16, 32] , and may have utility as an early sensitive screening marker for newborns at high risk for renal injury [33] .
To the best of our knowledge, urinary FGF-2 has not been evaluated as a marker of AKI in neonates. We explored the [18, 19, 34] . Here, we found that NGAL and FGF-2 combined improved the specificity to identify newborns at risk of developing AKI. However, like NGAL, in our study population of critically ill neonates, FGF-2 did not differentiate those with AKI among those at risk. The role of FGF as a marker of systemic illness and/or renal endothelial injury is not fully established by the current study, and further studies are needed to explore this issue. Finally, EGF showed a promising role as a late biomarker for detecting the recovery of renal function. Previous studies showed that urinary EGF may be a reliable biomarker to follow the outcome of infants with AKI [21] [22] [23] 28] . Moreover, the urinary levels of EGF appear to be a predictor of renal function recovery in adults with AKI [27] . Both EGF and NGAL are secreted by normal and injured renal tubular epithelial cells. In the context of a critical illness, the urinary excretion of NGAL is affected by changes in its systemic and renal pools [33] . In contrast, the urinary excretion of EGF appears to be more dependent on its renal pool [35] [36] [37] . Our findings suggest that EGF may be a more specific biomarker to identify ongoing renal injury in critically ill neonates that are recovering from their respective illnesses.
This study has several limitations. Serial sampling from our control newborns was not feasible. Given evidence that urinary biomarker levels are to some extent influenced by postnatal age and renal growth [21, 31, 35, 36, 38, 39] , comparisons between study subjects' post-recovery levels and control values obtained in the first 48 h of life must be interpreted with caution. However, we have used cut-off values that are clearly abnormal, even taking into consideration the changes related to postnatal age and renal growth [31, 33, 35, 36, 38, 40, 41] . In addition, our cut-off values are in agreement with those generated in previous larger studies [16, 22, 31, [38] [39] [40] [41] [42] [43] . We have also expressed our data both as absolute values corrected for urinary creatinine and as a urinary concentration. The serum levels and tubular secretion of creatinine are changing in patients with AKI, and a rapid decline in the creatinine excretion can affect the urinary biomarker levels. On the other hand, lack of normalization may lead to falsely low levels of the biomarkers in urine samples that are too diluted. Taking into consideration all of these issues, we have discussed only the findings that were confirmed by both measurements. In addition, we acknowledge that the use of the Schwartz formula has not been validated in newborns [30] . Thus, in the absence of uniform criteria to define the loss of GFR and/or AKI during the first week of life, our definition of AKI should be considered exploratory, although it was useful to follow the clinical outcome of these patients in the NICU. As discussed above, it is possible that some patients could have been misclassified, in particular those who did not show severe renal failure or reduced urine output. In addition, since the baseline urine samples were collected after the initiation of the HT or ECMO treatments, it could be argued that these treatments, per se, may affect the urinary levels and excretion of the selected biomarkers. Nonetheless, it is known that the selected biomarkers are also induced by extra-renal factors, including systemic inflammatory infections, endothelial injury, perinatal asphyxia, and liver damage or failure. Thus, they may not be very specific in detecting AKI in critically ill neonates under these clinical circumstances. Finally, the small sample size limited our ability to evaluate all potential covariates that could impact the relationship between renal injury and biomarker levels. A larger study will be needed to further establish the role of these candidate urinary biomarkers in the care of critically ill neonates. Long-term follow-up post-discharge is needed to evaluate if there is a correlation between biomarker data and long-term renal outcomes.
In conclusion, we found that the urinary levels of NGAL and FGF-2 are elevated in critically ill neonates treated with HT or ECMO when compared to healthy newborns. Urinary NGAL in combination with FGF-2, measured in the first 48 h of illness, have high sensitivity and improved specificity for identifying newborns at risk for AKI from healthy controls, and may be useful as an early screening tool. Subsequently, EGF measured during the recovery stage may identify critically ill newborns with ongoing renal injury. Further studies with longitudinal follow-up are warranted to validate the clinical value of the selected biomarkers in the care of critically ill neonates treated with HT or ECMO.
